We report on our investigation on the magnetism of the iridate double perovskite Sr2CoIrO6, a nominally Ir 5+ Van Vleck J ef f = 0 system. Using x-ray absorption (XAS) and x-ray magnetic circular dichroism (XMCD) spectroscopy at the Ir-L2,3 edges, we found a nearly zero orbital contribution to the magnetic moment and thus an apparent breakdown of the J ef f = 0 ground state. By carrying out also XAS and XMCD experiments at the Co-L2,3 edges and by performing detailed full atomic multiplet calculations to simulate all spectra, we discovered that the compound consists of about 90% Ir 5+ (J ef f = 0) and Co 3+ (S = 2) and 10% Ir 6+ (S = 3/2) and Co 
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I. INTRODUCTION
Recently, correlated oxides with strong spin-orbit coupling (SOC) have attracted a tremendous interest because the associated entanglement of the spin and orbital degrees of freedom may give rise to unexpected exotic electronic states. In the case of iridates with Ir 4+ (5d 5 ) in octahedral coordination the strong SOC can lead to the so-called J ef f = 1/2 state by splitting the t 2g states into a full j ef f = 3/2 band and a half-filled j ef f = 1/2 band 1 . This spin-orbit entangled J ef f = 1/2 state renders the Mott insulator behavior observed in many iridium oxides like Sr 2 IrO 4 1,2 and has been proposed to provide in honeycomb d 5 systems like (Li,Na) 2 IrO 3 3,4 and RuCl 3 5, 6 the needed prerequisites for the long-sought materialization of the Kitaev model and the emergence of Majorana fermions 7 .
Applying the same picture of a strong SOC limit to transition metals with d 4 configuration, e.g. Ru 4+ , Os 4+ , and Ir 5+ , the j ef f = 3/2 quadruplet is filled with four electrons and the j ef f = 1/2 doublet is completely empty, which leads to a Van Vleck singlet ground state J ef f = 0. In contrast to these expectations, some Ru 4+ oxides like Ca 2 RuO 4 are known to show an antiferromagnetic ground state 8, 9 . Recently, theoretical studies have suggested that strong inter-site hopping may lead to superexchange interactions large enough to cause an exciton condensation, or more accurately, a condensation of J ef f = 1 triplon excitations, and to drive the antiferromagnetism or ferromagnetism in such nominally Van Vleck d 4 systems [10] [11] [12] . Later works however, suggested that the interatomic exchange in Ir 5+ double perovskites might be too weak to overcome the singlet-triplet gap 13, 14 . Experimentally, on the one hand, Cao et al.
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reported an antiferromagnetic long-range order in the double perovskite Sr 2 YIrO 6 and, to explain the magnetic order, argued that the non-cubic crystal field would cause a suppression of the excitation gap and, as a result, the breakdown of the J ef f = 0 state. On the other hand, a study combining XMCD measurements and full atomic multiplet cluster calculations demonstrated the stability of the Van Vleck singlet state of Ir 5+ , even in presence of strong tetragonal crystal distortions like in Sr 2 Co 0.5 Ir 0.5 O 4 16 . A very recent resonant inelastic x-ray scattering study determined the dispersion of the triplet and quintet states in the double perovskites (Ba,Sr) 2 YIrO 6 to be less than 50 meV, i.e. much smaller than the excitation gap, ruling out the possibility of a J ef f = 1 excitonic condensation 17 . The origin of the magnetism reported in the double perovskite Sr 2 YIrO 6 and Ba 2 YIrO 6 is also debated in a number of other papers [18] [19] [20] [21] . In this context, the magnetism of the Ir 5+ ion in the double perovskite Sr 2 CoIrO 6 is a very interesting case. In this compound the large difference in cation radii causes the cobalt ions to form a three dimensional alternate arrangement with the iridium ions. Neutron diffraction and susceptibility measurements detected the onset of a long range antiferromagnetic order of the cobalt 
II. EXPERIMENTAL
The Sr 2 CoIrO 6 sample was grown from appropriate amounts of SrCO 3 , Co 3 O 4 and IrO 2 that were mixed and ground together. The mixture was pressed into a pellet that was sintered for 22 h at 1180
• C in air, followed by a final sintering for more than two days in a flow of oxygen (∼ambient pressure).
The XAS at the Co-L 2,3 edge was recorded in the total electron yield mode at the Dragon beamline of the NSRRC in Taiwan with a photon-energy resolution of 0.25 eV. A single crystal of CoO was measured simultaneously in a separate chamber to obtain relative energy referencing with better than a few meV accuracy at the Co-L 3 edge (780 eV). The sample pellets were fractured in situ in order to obtain a clean surface. The pressure was below 1 × 10 −9 mbar during the measurements. The XAS at the Co-K and Ir-L 3 edges were measured in fluorescence yield and transmission modes at the 16A1 and 07A1 beamlines of the NSRRC, respectively. The XMCD spectra at the Co-L 2,3 edges of Sr 2 CoIrO 6 were collected at the DEIMOS beamline 26 of the synchrotron SOLEIL in Paris (France) with a photon-energy resolution of 0.2 eV and a degree of circular polarization close to 100%. The sample was measured at T = 50 K and in a magnetic field of 6 T. The spectra were recorded using the total electron yield method. The sample was also fractured in situ in order to obtain a clean surface. The XMCD measurements at the Ir-L 2,3 edges were performed at the ID12 beamline 27 of the European Synchrotron Radiation Facility (ESRF) using the fluorescence yield detection mode. The degree of circular polarization was about 97%. A self-absorption correction was applied to the Ir-L 2,3 XAS measured with right and left circular polarized light. Finally the Ir-L 3 /L 2 edge-jump intensity ratio I(L 3 )/I(L 2 ) was normalized to 2.22 28 . This takes into account the difference in the radial matrix elements of the 2p 1/2 -to-5d(L 2 ) and 2p 3/2 -to5d(L 3 ) transitions. The XMCD spectra were obtained as the direct difference between consecutive x-ray absorption near edge spectroscopy (XANES) scans recorded with opposite helicities of the incoming x-ray beam in 17 T at low temperature of 2 K.
III. THEORETICAL CALCULATIONS
The configuration-interaction cluster calculations were performed using the Quanty Package [29] [30] [31] . The method uses an IrO 6 and CoO 6 cluster, which includes explicitly the full atomic multiplet interaction, the hybridization of Ir and Co with the ligands, the crystal field acting on the Ir and Co ions, and the crystal field acting on the ligands. The hybridization strengths and the crystal field parameters were extracted ab initio by DFT calculations carried out using the full-potential local-orbital code FPLO 32 . The non-cubic crystal field acting on the Ir and Co ions was varied to best fit the experimental XAS and XMCD spectra. The parameters used in the calculations for the Co and Ir ions are listed in Ref. 33 and 34 , respectively. Since we are dealing with a polycrystalline sample, we simulated the experimental data by summing two calculated spectra: one for circularly polarized light with the Poynting vector in the xy plane and one with the Poynting vector along the z axis, with a weighting ratio of 2:1. For all simulations we have considered the thermal population of the different states using a Boltzmann distribution.
IV. EXPERIMENTAL RESULTS

A. Co-K and Ir-L3 XAS
To check the Co valence we have measured the Co-K edge XAS taken with TFY for La 2 CoIrO 6 , Ca 3 CoRhO 6 , Sr 2 CoIrO 6 and EuCoO 3 , as shown in Fig. 1a . Although the spectral features of the Co-K edge are strongly affected by the local crystal structure, the valence state of Co can still be determined 35 by the energy position of the steepest slope of the absorption edge. Here we can see that the energy position in Sr 2 CoIrO 6 is the same as that of the Co 3+ reference sample LaCoO 3 , and is about 1.7 eV higher than that of La 2 CoIrO 6 with a Co 2+ state, which suggests a mainly 3+ valence of the cobalt ions in Sr 2 CoIrO 6 . Similar results were obtained previously by A. Kolchinskaya et al. 24 . Having determined a mainly Co 3+ state in Sr 2 CoIrO 6 , we turn to the Ir-L 3 XAS spectra to probe the valence of the iridium ions. Fig. 1b Fig.3 shows the Co-L 2,3 isotropic XAS and XMCD data (red circles) measured on Sr 2 CoIrO 6 with circular polarized light. The XMCD is defined as the difference between the x-ray absorption spectra taken with the photon spin of the circular polarized light parallel and antiparallel aligned to the magnetic field. In Fig. 3 we have reported also the theoretical Co-L 2,3 XAS and XMCD spectra for the Co 3+ in the HS (S = 2) configuration (blue lines) as obtained from our full-multiplet configuration-interaction calculations. The HS Co 3+ simulation can nicely reproduce the line-shape of the measured Co-L 2,3 XMCD spectrum of Sr 2 CoIrO 6 except for the minor prepeak at 778 eV and the high intense shoulder at 780 eV. These features are related to the XMCD signal of the Co calculated XMCD (XAS) spectrum of Co 3+ S = 2 and that of Co 2+ (green lines) the agreement with the experimental XMCD (XAS) spectrum of Sr 2 CoIrO 6 becomes excellent all over the energy range. The simulation provides further evidence for the coexistence of a majority (90%) of Co 3+ ions in the S = 2 state and a minority (10%) of Co 2+ ions in Sr 2 CoIrO 6 . Important to mention is that the size of the measured Co XMCD is about 11 times smaller than the calculated Co XMCD spectrum if the exchange field H ex is assumed to be zero (paramagnetic case). The small size of the experimental Co XMCD signal is due to the fact the cobalt ions are antiferromagnetically ordered, as revealed by previous neutron diffraction measurements 22 , and only the canting moment induced by the applied field contributes to the XMCD signal. The size of the experimental XMCD signal was reproduced by using an exchange field of 12 meV, a value that matches nicely with the ordering temperature T N 1 = 130 K of the cobalt moments 23 . The large difference in intensity of the measured dichroic signal between the L 3 and L 2 edges shown in Fig. 3 is a clear signature that the Co ions have a relevant unquenched orbital moment. To be quantitative, we now apply the sum rules for XMCD developed by Thole et al. 51 and Carra et al. 52 , which provide the orbital to spin ratio:
(1) where T z denotes the intra-atomic magnetic dipole moment. From the experiments we obtain a value of 0.25 for this quantity. Our configuration-interaction fullmultiplet simulation with the weighted sum of 90% Co
3+
and 10% Co 2+ provides a value of 0.235, which is in very good agreement with the experiment. This is fully consistent with the fact that our simulation reproduces very well the experimental line shapes of the XAS and XMCD spectra as displayed in Fig. 3 .
We would like to note that for 3d transition metal ions in an octahedral symmetry this term T z is a small number 53 and is expected to be a little increased by the local distortion existing in the present compound. Our configuration interaction full-multiplet calculations indeed found that the magnetic dipole moment is small compared to the large spin moment the HS Co 3+ and Co 2+ : T z /S z = −0.02. In other words, the above mentioned XMCD sum rule provides in our case directly the important quantum number of orbital to spin ratio, L z /2S z .
D. Ir-L2,3 XMCD
The Ir-L 2,3 XAS and XMCD spectra of Sr 2 CoIrO 6 are reported as red and blue lines, respectively, in Fig. 4 , together with the integral of the XMCD signal (green lines). Very important, the Ir-L 2 and L 3 XMCD signals have almost equal intensity but opposite sign, which results in a very small integrated intensity (green line) over the Ir-L 2,3 energy range. Kolchinskaya than that at L 2 edge 16 . In order to be quantitative we applied the sum rules to our XMCD data and estimated the orbital to spin ratio to be very small and positive: L z /(2S z + 7T z ) = 0.03. This is an order of magnitude smaller than the L z /(2S z + 7T z ) = 0.45 value in Sr 2 Co 0.5 Ir 0.5 O 4 16 .
V. DISCUSSION
The Ir-L 2,3 XMCD spectrum of Sr 2 CoIrO 6 is very different from the usual spectrum measured on other Ir and Sr 2 ScIrO 6 25 the L z /2S z ratio is close to 0.5, i.e. the expected value for a J ef f = 0 ground state. To our knowledge, Sr 2 CoIrO 6 is the only Ir 5+ oxide displaying a large Ir-L 2 XMCD signal, with intensity similar to the Ir-L 3 one, and, hence, having L z /2S z close to zero. formed configuration-interaction cluster calculations for the Ir-L 2,3 XAS and XMCD spectra.
Considering the fact that we have found about 10% Co 2+ ions in this formally Co 3+ system, we investigate the possibility that the measured XMCD signal contains contributions from the presence of Ir 4+ and/or Ir 6+ ions in this otherwise Ir 5+ material. Starting with the Ir 4+ scenario, we note that the XMCD spectrum of Ir 4+ oxides is well known to exhibit a very small Ir-L 2 XMCD signal 25, 54, 55 . Since this cannot generate the large Ir-L 2 XMCD signal observed in our Sr 2 CoIrO 6 , we can safely rule out the possibility that the XCMD of Sr 2 CoIrO 6 is produced by Ir 4+ ions. Considering now the Ir 6+ scenario, we would like to remark that Ir 6+ ions have a d 3 configuration with the spins of three electrons in the t 2g shell all parallel to form a S = 3/2 spin state. In this situation of half-filled t 2g shell the orbital moment is naturally zero or close to. As a consequence, the XMCD spectrum of Ir 6+ oxides has the L 3 and L 2 signals similar in size. This is then a promising scenario to follow. In Fig. 5 , we have plotted the experimental XAS and XMCD spectra together with the simulations for the Ir 5+ J ef f = 0 (magenta lines) and Ir 6+ S = 3/2 (orange lines). The parameters for the simulations are listed in Ref. 34 . We can clearly observe that the calculated XMCD signal at the L 2 is small for the Ir 5+ and that it is large for the Ir 6+ , confirming our considerations described in the above paragraph. We now compose a weighted sum of the Ir 5+ and Ir 6+ simulations, and the result for a 90:10 ratio is also displayed in Fig. 5 (green  lines) . This weighted sum can nicely reproduce the line shape of both the experimental XAS and XMCD spectra of Sr 2 CoIrO 6 . Hence, the anomalous spectral shape of the Ir-L 2,3 XMCD of Sr 2 CoIrO 6 can be explained by the presence of 10% magnetic Ir 6+ ions in a matrix of Van Vleck paramagnetic Ir 5+ ions. Our finding is not inconsistent with a previous diffraction study, where the bond valence sums predicted in Sr 2 CoIrO 6 a partial amount of iridium ions to be in the 6+ valence state 22 . In our full multiplet atomic calculations the orbital moment of Ir 5+ ions is quite large, with an isotropic ratio of L z /2S z = 0.50 (L z /(2S z + 7T z ) = 0.59). This is the orbital-to-spin moment ratio expected for the J ef f = 0 ground state 16 . The calculated orbital moment of the Ir 6+ ions is very small, as expected for the S = 3/2 state:
The application of the sum rules to our configuration-interaction full-multiplet simulation of the Ir-L 2,3 XMCD with the weighted sum of 90% Ir 5+ and 10% Ir 6+ provides a value of 0.026, which is in excellent agreement with the experiment.
It is interesting that a 90:10 weighted sum simulation reproduce the experimental spectra quite accurately. Oe −1 as also indicated in Fig. 6 5+ scenario is considered the calculated total µ ef f is reduced to 5.0 µ B . On the base of the above analysis, we can conclude that within the limits of the sensitivity of the magnetic susceptibility the two-component scenario provides a good agreement with the experimental data.
VI. SUMMARY
To summarize, XAS and XMCD measurements at the Co-L 2,3 edge demonstrate a Co 3+ HS state in the double perovskite Sr 2 CoIrO 6 . This state is not pure, as our XAS and XMCD also reveal the presence of 10% cobalt ions in the Co 2+ state. Our Ir-L 2,3 edge XAS shows that iridium has mainly the 5+ valence. However, by a comparison of the experimental Ir-L 2,3 XMCD data with full atomic multiplet calculations we were able to clarify that the signal at the L 2 edge is mainly due to a contribution from Ir 6+ ions. Hence, the unusual shape of the XMCD spectrum of Sr 2 CoIrO 6 can be explained with the presence of 10% of S = 3/2 Ir 6+ ions coexisting with 90% J ef f = 0 Ir 5+ ions. The presence of equal amounts of ions with a different valence state in Sr 2 CoIrO 6 is probably driven by the delicate balance between the chemical stability for a Ir 5+ -Co 3+ configuration versus that for a Ir 6+ -Co 2+ configuration.
